










Transmission	 of	 intense	 ultrashort	 laser	 pulses	
through	 hollow‐core	 fibers	 (HCFs)	 is	 investigated	
for	molecular‐tagging	velocimetry.	A	low‐vacuumed	
HCF	beam‐delivery	system	is	developed	to	transmit	
high‐peak‐power	 pulses.	 Vacuum	 pressure	 effects	
on	 transmission	efficiency	and	nonlinear	effects	at	
the	 fiber	output	are	 studied	 for	100‐ps	and	100‐fs	
laser	 beams.	 With	 a	 0.1	 bar	 vacuum	 in	 the	 fiber,	
transmission	 efficiency	 increases	 by	 ~30%,	 while	
spectral	broadening	 is	reduced.	A	1‐m‐long,	1‐mm‐
core	metal‐dielectric‐coated	HCF	 can	 transmit	 ~45	
mJ/pulse	and	~2.9	mJ/pulse	for	100‐ps	laser	pulses	
(at	 532	 nm)	 and	 100‐fs	 laser	 pulses	 (at	 810	 nm),	
respectively.	 Proof‐of‐principle,	 single‐laser‐shot,	
fiber‐coupled,	 ps‐	 and	 fs‐laser‐based,	 nitrogen	
electronic‐excitation	 tagging	 velocimetry	 is	
demonstrated	 in	 a	 free	 jet.	 Flow	 velocities	 are	




Flow‐velocity	 measurements	 in	 high‐speed	 turbulent	 flows	 are	
essential	 for	 the	 fundamental	understanding	and	optimization	of	air	
vehicles,	 space	 vehicles,	 and	 modern	 gas‐turbine	 engines.	 Several	
optical	 techniques	have	been	widely	used	 for	velocimetry,	 including	
Particle‐Image	Velocimetry	(PIV)	[1,2],	Molecular‐Tagging	Velocimetry	






not	 be	 practical	 for	 a	 wide	 range	 of	 transonic,	 supersonic,	 and	
hypersonic	flow	facilities.	For	example,	seeding	can	alter	the	mean	flow	
and	 introduce	 unsteady	 disturbances	 [9,10].	 Moreover,	 the	 seeded	
tracers	can	contaminate	 the	ground‐test	 facility,	which	 increases	 the	
maintenance	cost	and	decreases	the	effective	run	time,	particularly	in	
large‐scale	wind	tunnels.			
Several	 non‐seeded	 laser‐based	molecular	 velocimetry	 techniques	
such	 as	Raman	 excitation	 plus	 laser‐induced	 electronic	 fluorescence	
(RELIEF)[11–13],	 filtered	 Rayleigh	 scattering	 (FRS)	 [14],	
interferometric	 Rayleigh	 scattering	 (IRS)	 [15,16],	 laser‐induced	
thermal	 acoustics	 (LITA)	 [17]	 and	air	 photolysis	 and	 recombination	
tracking	(APART)	[18]	have	been	 implemented	 for	gas	 flow	velocity	
measurements.		All	the	approaches	mentioned	above	have	their	own	
advantages	 and	 limitations	 in	 terms	 of	 dynamics	 range,	 spatial	
resolution,	 and	 complexity.	 For	 example,	 RELIEF	 technique	 can	 be	
used	 for	 air	 flows,	 but	 it	 requires	 three	 laser	 beams	with	 different	
wavelengths	which	increases	experimental	complexity.	Recently,	non‐
seeded	 velocimetry	 using	 ultrashort‐pulse‐laser	 electronic‐excitation	
MTV	 with	 ps	 [19]	 and	 fs	 [20–23]	 laser	 pulses	 is	 developed.	 This	
technique	 is	 a	 seedless	 nitrogen‐fluorescence‐based	 velocimetry	
technique;	 it	 is	 suitable	 for	 point	 or	 1‐D	 velocity	 measurements	 in	
subsonic	and	supersonic	flows.	This	method	requires	only	a	 focused	
ultrashort‐pulse‐laser	beam	and	an	 intensified	camera.	N2	molecules	
are	 photodissociated	 by	 an	 intense	 laser	 pulse	 to	 form	 significant	
populations	 of	 N(4S)	 atoms	 [20],	 which	 undergo	 three‐body	
recombination	to	 form	metastable,	electronically	excited	nitrogen	N2	
(5∑൅݃)	 and,	 subsequently,	 a	 vibrationally	 excited	 nitrogen	 B	 state	
(v’≈11).	The	fluorescence	emission	from	the	long‐lifetime	B	state	of	N2	
(B3g		A )	can	continue	for	a	relatively	long	period	of	time	(~20	





FLEET	 was	 first	 demonstrated	 by	 Michael	 et	 al.	 in	 2011	 [20]	 and	
PLEET	 by	 Jiang	 et	 al.	 in	 2017	 [19].	 The	major	 advantages	 of	 these	
methods	for	measurements	in	practical	wind	tunnels	are:	1)	relatively	
straightforward	experimental	setup	aided	by	a	single‐laser‐beam	and	a	
single‐camera,	 2)	 no	 need	 to	 seed	 the	 flow	 either	with	 particles	 or	
other	 molecules,	 and	 3)	 the	 technique	 is	 based	 on	 nitrogen	
fluorescence	(nitrogen	being	the	most	commonly	used	and	abundant	
gas	 in	 large	 ground‐test	 facilities	 which	 typically	 operate	 on	 air	 or	











climate‐controlled	 facility.	 Fiber‐coupled	 PLEET	 and	 FLEET	 systems	
would:	 1)	 reduce	 the	 need	 for	 free‐standing	 optics	 in	 test‐cell	






through	 multiphoton	 excitation	 process.	 Typically,	 the	 amount	 of	
energies	 needed	 for	 a	 100‐ps‐duration	 pulse	 and	 a	 100‐fs‐duration	
pulse	are	~10	mJ/pulse	[19]	and	~1	mJ/pulse	[20–23],	respectively.	
Such	 high‐energy	 requirements	 impose	 significant	 constraints	 on	
fiber‐coupled	 PLEET	 and	 FLEET	 because	 of	 the	 intrinsic	 optical‐
damage	threshold	of	the	fibers.	The	enhanced,	higher‐order	nonlinear	
processes	during	propagation	of	intense	laser	beams	through	the	fiber	






can	be	generated.	The	amount	of	 laser	energy/intensity	 that	 can	be	
delivered	in	such	a	system	is	limited	by	the	damage	threshold	of	the	
fiber	for	varying	pulse	durations,	the	physical	structure	of	the	fiber,	and	
the	wavelength	of	 the	 input	 laser	beam.	Previous	 fiber	 studies	have	
shown	inability	of	the	solid‐core	fiber	to	transmit	the	required	ps	laser	
pulse	 because	 of	 the	 relatively	 low	 damage	 threshold	 (maximum	
transmission	of	150‐ps	pulse	through	a	1‐mm‐core	silica	fiber	is	~3.3	
mJ/pulse	 [25]).	 Another	 drawback	 of	 the	 solid‐core	 fiber	 for	 laser‐
beam	 delivery	 is	 spectral	 and	 temporal	 broadening	 of	 the	 pulse	
because	of	the	broadband	material	dispersion,	particularly	for	fs‐pulse	
delivery	[25].	Typically,	solid‐core‐silica‐fiber	damage	tends	to	occur	in	
the	 core	 at	 high	 input	 power,	 causing	 impairment	 either	 at	 the	
entrance	 surface	 or	within	 the	 fiber	 because	 of	 self‐focusing	 effects	
[24–27].	Hollow‐core	fibers	are	of	interest	because	in	absence	of	a	solid	
core	 all	 the	 above	 problems	 can	 be	 avoided	 [28–32].	 Recently,	
Jelinkova	et	al.	[30]	and	Li	et	al.	 [32]	demonstrated	that	hollow‐core	
capillary	 fibers	 can	 transmit	 high‐power	 laser	 beams	 with	 50‐ps‐




core	 capillary	 fiber	 and	 investigate	 fiber‐based	 PLEET	 and	 FLEET	
velocimetry	 in	 high‐speed	nitrogen	 flows.	Optical‐damage	 threshold,	
output‐beam	 quality,	 nonlinearities	 inside	 the	 fiber,	 and	 temporal	
distortion	 of	 the	 input	 laser	 pulses	 are	 studied.	 Proof‐of‐principle,	
single‐laser‐shot,	 fiber‐coupled,	 PLEET	 and	 FLEET	 velocimetry	 in	 a	
nitrogen	jet	are	demonstrated.			
The	 outline	 of	 this	 paper	 is	 as	 follows.	 The	 experimental	
arrangement	used	for	fiber‐coupled	PLEET	and	FLEET	is	described	in	

















m‐long,	 1‐mm‐core	 HCF,	 made	 by	 Opto‐Knowledge	 Systems	 Inc.,	
consists	of	capillary	tubing	coated	with	a	metallic	 film	and	dielectric	
layer,	which	enables	transmission	of	visible–infrared‐wavelength	light	
[33].	 The	 hollow	 core	 of	 the	 HCF	 laser‐beam	 delivery	 system	 was	




focal	 length	 of	 f=+50	 mm.	 The	 beam	 waist	 at	 the	 focal	 point	 was	
measured	by	 a	beam	profiler	 to	be	~200	µm.	A	high‐speed	 camera	
(Photron,	 SA‐Z)	 coupled	 with	 an	 external	 two‐stage	 intensifier	
[LaVision,	 HS‐IRO	 (photocathode	 S25)]	was	 used	 to	 track	 the	 long‐
lived	fluorescence	from	the	first	positive	band	of	N2	(B3g		A ).	
The	 emission	 was	 collected	 with	 a	 Nikon	 50‐mm	 f/1.8	 lens	 at	 a	
wavelength	 range	 of	 550–700	 nm	 through	 a	 bandpass	 filter.	 The	
camera	 was	 operated	 at	 200	 kHz	 to	 track	 the	 fluorescence	 signal	
displacement	for	determination	of	flow	velocities.		
	





The	design	and	performance	of	 an	 ideal	 fiber‐optic	beam‐delivery	
system	for	PLEET	and	FLEET	velocimetry	applications	are	based	on	
three	 crucial	 parameters:	 1)	 delivery	 of	 the	 required	 high‐
energy/intensity	laser	pulses,	2)	retention	of	the	spectral	and	temporal	

















the	 large	 core	 size	 of	 the	 fiber,	 the	 HCF	 is	 capable	 of	 coupling	 the	
maximum‐pulse‐energy	 output	 from	 the	 ps	 and	 fs	 lasers	 (10‐Hz	 ps	
laser	~75	mJ/pulse;	1‐kHz	fs	laser	~4.8	mJ/pulse).	For	the	532‐nm	ps	
laser	 and	 the	 810‐nm	 fs	 laser,	 the	 maximum	 fiber‐transmission	
efficiency	 reaches	~60%	at	 a	 pressure	 of	 0.1	 bar.	 The	 transmission	
efficiency	 for	both	 cases	decreases	with	 an	 increase	 in	 gas	pressure	
inside	 the	 fiber.	 Clearly,	 lower	 pressure	 (i.e.,	 lower	 air	 density)	 can	
reduce	 the	 optical	 breakdown,	 and	 hence	 prevent	 laser‐energy	
absorption	 by	 the	 plasma.	 The	 effect	 of	 pressure	 on	 the	 fiber	
transmission	of	the	fs	pulse	is	relatively	small	compared	to	that	in	the	
ps‐pulse	 case.	 The	 reduced	 pressure	 dependence	 in	 fs‐laser	 pulse	
delivery	may	be	understood	as	follows:	when	the	plasma	is	formed	by	
the	 intense	and	 short	 fs	pulse,	 a	 significant	portion	of	 the	pulse	has	
already	passed	through	the	plasma	(plasma‐formation	time	~tens	of	
fs);	thus,	only	the	tail	end	of	the	pulse	can	be	absorbed	by	the	plasma.	











Laser‐pulse	 spectral	 broadening	 due	 to	 fiber	 propagation	 may	
reduce	 the	 efficiency	 of	 the	 nitrogen‐dissociation	 process	 and	 may	
cause	 a	 lower	 nitrogen‐fluorescence	 signal	 for	 PLEET	 and	 FLEET.	
Spectral	broadening	due	to	nonlinear	effects	in	the	fiber	such	as	self‐
phase	 modulation	 [35]	 and	 stimulated	 Raman	 scattering	 [32,36]	
becomes	noticeable	with	 the	 transmission	of	 an	 intense	 laser	beam.	




broadening	 due	 to	 the	 aforementioned	 nonlinearities	 [24,25].	 The	
observed	spectral	broadening	for	both	ps	and	fs	laser	propagation	is	
small.	 Lower	 in‐line	 gas	 pressure	 can	 further	 reduce	 the	 spectral	
broadening	 for	 both	 cases.	 Here,	 the	 observed	 asymmetric	 spectral	
profile	of	 the	 fs	pulse	shown	 in	Fig.	3	could	be	 the	 result	of	a	 slight	
misalignment	of	the	grating‐pulse	compressor	of	the	fs	laser.	
	
Fig.	 3.	 	 Measured	 laser‐power	 spectra	 of	 (a)	 narrowband	 100‐ps‐
duration	 pulse	 and	 (b)	 broadband	 100‐fs‐duration	 pulse	 after	 1‐m‐
long,	1‐mm‐core	HCF	propagation	under	pressure	of	1	bar	and	0.1	bar.	
Original	input‐laser	spectra	are	also	shown	(black	solid	line).	
In	 addition	 to	 spectral	 broadening,	 the	 pulse	 can	 be	 broadened	
temporally	 during	 its	 propagation	 through	 the	 fiber	 because	 of	




fiber	 exit	 is	 small	 (<10%).	 We	 conducted	 temporal	 pulse‐width	
measurements	for	a	100‐ps	pulse	propagating	through	the	1‐m‐long	
HCF	with	a	25‐GHz	photodiode	(Newport	Model	1414)	and	a	20‐GHz	











from	 the	 interference	 between	 the	 many	 guiding	 modes,	 each	
travelling	a	 slightly	different	path	 length	within	 the	 fiber	 [37].	 If	 the	
speckle	pattern	has	a	low	spatial	frequency	(i.e.,	large	bright	and	dark	
areas	 adjacent	 to	 each	 other),	 then	 in	 some	 areas	 at	 a	 focal	 point,	
sufficient	 N2	 fluorescence	 might	 not	 be	 generated	 for	 flow‐velocity	








quality	 factor	 M2,	 which	 is	 a	 crucial	 for	 determining	 the	 spatial	
resolution	of	 fiber‐coupled,	 electronic‐excitation	 tagging	velocimetry.	
Moreover,	 because	 generation	 of	 the	 N2	 fluorescence	 signal	 is	





method	 is	described	 in	Refs.	 [24,25].	 	The	measured	M2	and	output	
divergence	half	angle	of	the	HCF	is	shown	in	Table	1.	Because	of	the	



















A	 proof‐of‐principle	 demonstration	 of	 velocimetry	 measurements	
using	 fiber‐coupled	 PLEET	 and	 FLEET	 was	 conducted	 in	 a	 free	 jet	
(diameter	 of	 6.5	mm)	 of	 nitrogen.	 The	 pulse	 energy	 used	 for	 fiber‐
coupled	PLEET	and	FLEET	was	~40	mJ/pulse	(100‐ps‐duration	pulse)	
and	~2.3	mJ/pulse	(100‐fs‐duration	pulse),	respectively.	Figures	5(a)	
and	 5(b)	 show	 single‐shot	 fiber‐coupled	 PLEET	 and	 FLEET	
velocimetry‐image	sequences	of	the	free	N2	jet,	respectively.	For	both	
measurements,	 the	 laser	 beam	 passes	 through	 the	 flow	 at	 ~4	mm	
above	the	jet	exit,	which	is	about	Y/D	=	0.6.	The	jet	exit	is	at	the	bottom	
of	the	images,	and	nitrogen	gas	is	flowing	upward.	Note	that	the	flow	
speeds	 are	 different	 for	 the	 FLEET	 and	 PLEET	 experiments.	
Measurements	were	 conducted	 at	 200	 kHz,	 i.	 e.,	 5	 µs	 between	 two	
consecutive	images.	The	camera	intensifier	gate	was	200	ns	with	70%	
gain.	 For	 both	 cases,	 the	 starting	 points	 were	 2	 µs	 after	 the	 laser	
excitation.	The	shape	of	the	nitrogen‐fluorescence	signal	shown	in	Fig.	
5	is	typically	a	point	rather	than	a	line	because	a	short	focal‐length	lens	
was	 used.	 The	 point‐like	 signal	 size	 is	 advantageous	 for	 two‐
component	 velocity	 measurements	 [19].	 By	 measuring	 the	
displacement	along	the	Y	and	X	directions	between	two	consecutive	
images,	two‐component	velocity	(i.e,	Vy	and	Vx)	can	be	calculated.		If	a	





respectively.	 The	 size	 of	 the	 PLEET	 emission	 shown	 in	 Fig.	 5(a)	
becomes	 larger	 at	 a	 longer	 delay	 time	 because	 of	 turbulence	 and	
diffusion.	 The	 spot	 size	 of	 FLEET‐signal	 also	 becomes	 larger	 at	 the	
downstream	 of	 the	 flow.	 However,	 because	 of	 the	 relatively	 short	
lifetime	compared	to	PLEET,	the	FLEET	signals	appear	to	be	weaker	at	
longer	decay	 times	 [19,20].	As	a	 result,	 the	size	of	 the	FLEET	signal	
shown	in	Fig.	5(b)	appears	to	be	smaller	for	the	longer	delay	time.	
	















The	 working	 distance	 of	 the	 current	 flow	 velocity	 measurement	
system	 is	 limited	 by	 the	 parameters	 associated	 with	 HCF	 delivery. 













investigated.	 It	was	demonstrated	 that	 the	propagation	of	 ps	 and	 fs	
laser	 pulses	 through	 HCFs	 allows	 transmission	 of	 sufficient	 laser	
energy	for	performing	PLEET	and	FLEET	velocimetry	in	atmospheric‐
pressure	 N2	 jet	 flows.	 It	 was	 also	 determined	 experimentally	 that	
maintaining	low‐pressure	at	the	core	of	the	HCF	beam‐delivery	system	
can	reduce	the	probability	of	optical	breakdown	at	the	entrance	of	the	
fiber	 and/or	 inside	 the	 fiber	 and,	 hence,	 not	 only	 prevent	 fiber	
damages	but	also	improve	fiber	transmissions.	Additionally,	this	beam‐
delivery	 system	 also	 reduces	 spectral	 broadening	 of	 the	 input	 laser	
beam,	which	could	lead	to	efficient	nitrogen	dissociation	and	achieve	
high	PLEET	and	FLEET	signals.	
Proof‐of‐principle,	 single‐laser‐shot,	 fiber‐coupled,	 ps‐	 and	 fs‐laser,	
electronic‐excitation	 tagging	 velocimetry	 in	 a	 nitrogen	 jet	 was	
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